1 H and 13 C NMR chemical shifts for neutral (3-hydroxypyridine and 3-methoxypyridine) and zwitterionic (N-ethyl-3-oxypyridinium betaine and 3-pyridone) molecules were calculated by GIAO/B3LYP/6-31G(d,p) and IGLO/deMon/NMR approaches. Linear correlations between the calculated and experimental 1 H and 13 C NMR chemical shifts for 3-hydroxypyridine, 3-methoxypyridine, and N-ethyl-3-oxypyridinium betaine suggest that the 3-hydroxy tautomer is dominant in DMSO-d 6 . The lack of such a correlation for 3-pyridone indicates an absence of this species in DMSO-d 6 solution.
INTRODUCTION
Of various physicochemical methods, none is more popular than nuclear magnetic resonance [1] . Its applications are unlimited. By far, the most common nuclei studied in the NMR of organic and bioorganic molecules are 1 H and 13 C [2, 3] . One of the necessary conditions for further progress in this field is gaining a theoretical insight into the nature of the dependence of NMR shielding tensors on the geometrical and electronic structure of the system. This work is a small step in this direction and aims in a determination of the tautomer structure based on computed and measured NMR signals. The second point is to check if calculation methods can reproduce chemical shifts for zwitterionic molecules.
N-substituted-3-oxypyridinium betaines have already been a subject of extensive studies due to their pharmaceutical activity, their relevance to biochemistry of pyridoxine, and the potential of reduction to pharmacologically interesting piperidines [4, 5] . 3-Hydroxypyridine (3-pyridinol) is in tautomeric equilibrium with 3-pyridone, zwitterionic form or betaine, in which the hydroxy proton has been transferred to the nitrogen atom [6, 7] . The tautomeric equilibrium strongly depends on solvent. In aqueous solution both forms are in equal proportions, while in alcoholic solution the hydroxy form is dominant [8] . 3-Hydroxy-and 3-methoxy-pyridine yield very similar spectra of ABMX type in DMSO-d 6 [9] , which suggests that the hydroxy form dominates in DMSO-d 6 solution. This theoretical study supplies additional arguments which enable interpretation of the experimental data and determination of the prototropic equilibrium shift towards one of the tautomers present in the solution. In this work we give a detailed interpretation of the 1 H and 13 C NMR spectra measured in * Dedicated to the memory of Professor Jacek Rychlewski [4] .
N-Ethyl-3-oxypyridinium betaine (EtPB). EtPBH-Br (10 g) was dissolved in distilled water (50 cm 3 ) and treated with an anion-exchange resine, Amberlite IRA 420 (OH -) (140 g).
The mixture was stirred until the organic layer gave a negative Beilstein test for halide. The residue was separated, washed with methanol and the eluates were concentrated under reduced pressure below 70ºC. The crude product was recrystallized from acetonitryle, m.p. 48°C, 68%
yield.
Measurements
The 1 H and 13 C spectra in DMSO-d 6 solution were recorded on a Varian Gemini 300VT spectrometer operating at 300.07 and 75.46 MHz for proton and carbon-13, respectively.
Chemical shifts were confirmed by HETCOR experiment.
COMPUTATIONS
Density Function Theory (DFT) was employed to fully optimize molecular structures of the studied molecules. The model chemistry was chosen to be B3LYP/6-31G(d,p) (Becke's three parameter exchange functional [12] and the Lee-Yang-Parr correlation functional [13] )
as implemented in the Gaussian 98 program package [14] . For the optimized geometries the NMR shielding constant tensors were computed using two different approaches.
The first approach relies on the magnetic-field-dependent DFT method based on the IGLO (Individual Gauge Localized Orbital) scheme and Perdew density functional which are adapted in the deMon/NMR program [10] . The one-electron basis set used in these calculations was the IGLO-3 basis [15] . In the second approach the standard GIAO (GaugeIndependent Atomic Orbital) method [11] of Gaussian program was employed within the same level of theory as for the geometry optimization. Additionally, a solvent simulation using the PCM (Polarized Continuum Model) approach [18] was performed. However, because no significant differences in NMR results between the solvent and gas-phase calculations was observed, only the latter are reported in this work. 
RESULTS AND DISCUSSION

Geometrical parameters
The chemical structures of the investigated compounds are shown in Fig. 1 . The forms involved in the tautomeric equilibrium correspond to the neutral form of 3-hydroxypyridine with the hydroxyl hydrogen cis and trans to N(1) (HOPc and HOPt, respectively) and the Table 1 . X-ray and B3LYP calculated structural parameters of cis and trans 3-hydroxypyridines (HOPc, HOPt), cis and trans 3-methoxypyridines (MeOPc, MeOPt), 3-pyridon (PON), and N-ethyl-3-oxypyridinium betaine (EtPB) Table 1 -continued 3-pyridone (PON). Moreover, two other molecules were investigated: N-ethyl-3-oxypyridinium betaine (EtPB) and 3-methoxypyridine in the same fashion as 3-hydroxypyridine, e. i.
with the methyl group cis and trans to N(l) (MeOPc and MeOPt, respectively). The calculated structural parameters, total energy, and dipole moment are collected in Table l . The bond lengths and angles determined for cis and trans tautomers of 3-hydroxypyridine from the DFT calculations are in good agreement with the X-ray data [16] , of course apart from angels related to cis and trans tautomery. This fact makes us believe that the chemistry model selected for the minimum geometry determination is sufficient. In PON and EtPB the C(3)-O distance is significantly shorter than in the other molecules and is typical for N-methylpyridones [17] .
1 H and 13 
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As we are interested in correlations between theoretical and experimental data no reference to TMS was performed. Values of the slope and intercept were determined through a fit of the computed shielding constants to the experimental chemical shifts. As the experiment supplies the chemical shifts for a cis-trans mixture of 3-hydroxypyridine and 3-methoxypyridine, the same data were used to perform correlation with σ calc obtained for both forms, cis and trans.
The parameters A and B for all the studied molecules are listed in Table 4 . Their values were employed to compute the chemical shifts given in Tables 2 and 3 Several conclusions can be drawn from the analysis of the correlation coefficients collected in Table 4 . Except for the PON, the quality of the fit of the 13 C data is significantly higher than that of the proton signals. This can be partially attributed to a larger affinity of the hydrogens to the interaction with the environment. GIAO and IGLO methods perform equally well in the case of 13 C, whereas for 1 H the IGLO shielding constants correlate slightly better 
Chemical shifts
The shielding constants calculated for the investigated compounds are listed in Tables 2   and 3 with the experiment. The most striking is the lack of a linear correlation in the case of PON. Based of this data and having in mind that the DMSO-d 6 solution contains a tautomeric theoretical methods applied to the betaine is similar to that for the regular derivative of the pyridine.
SUMMARY
Shielding constants, σ calc , for 3-hydroxypyridine and its zwitterionic tautomer (3-pyridone), 3-methoxypyridine and N-ethyl-3-oxypyridinium betaine were calculated by GIAO B3LYP/6-31G(d,p) and IGLO deMon/NMR methods. Good linear correlations between the computed screening constants (σ calc ) and the experimental 1 H and 13 C chemical shifts (δ exp ) obtained for HOPc, HOPt, MeOPc, MeOPt and EtPB indicate that 3-hydroxypyridine is present in hydroxy-form in DMSO-d 6 and that the applied methods correctly reproduce chemical shifts for zwitterionic molecules. The lack of the correlation for 3-pyridone confirms the known fact that this species is absent in DMSO-d 6 solution, which shows that the approach presented in this paper can be used for determining the dominant tautomer.
The correlations between the calculated shielding constants and the experimental chemical shifts are better for carbon-13 than for proton. Both applied theoretical methods gave comparable chemical shifts for 13 C but for 1 H IGLO method yielded slightly better correlation with the experiment than GIAO.
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